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Alteration of mesanglal response to ANP and angiotensm II by glucose.
To test the hypothesis that the function of glomerular mesangial cells is
impaired in diabetes, we examined the responsiveness of mesangial
cells cultured under high concentrations of glucose to atrial natriuretic
peptide (ANP') and angiotensin II (Ang II). The ANP-induced accumu-
lation of cGMP was enhanced in mesangial cells cultured under high
glucose conditions, possibly due to the activation of particulate guany.
late cyclase. Ang H action in mesangial cells was evaluated by measur-
ing the ability of Ang II to inhibit ANP-induced cGMP accumulation
through both activating phosphodiesterase (initial phase) and inhibiting
guanylate cyclase (maintenance phase). The inhibition of both ANP-
induced cellular cGMP accumulation and particulate guanylate cyclase
activity by Ang II was significantly reduced in mesangial cells cultured
under high concentrations of glucose. Moreover, in the cells exposed to
high concentrations of glucose, both basal and Ang lI-stimulated levels
of inositol I ,4,5-trisphosphate (1P3) were significantly reduced. These
results indicate that, in high glucose conditions, the actions of ANP and
Ang II are modulated differently, resulting in the impairment of con-
tractile responsiveness of mesangial cells.
Glomerular mesangial cells have various functions including
the production and metabolism of various macromolecules and
the regulation of glomerular filtration rates through their ability
of contraction or relaxation. The impairment of these functions
of the mesangial cells may play an important role in the
pathogenesis and pathophysiology of various glomerular dis-
eases, including diabetic nephropathy. We have previously
reported that the production of type IV collagen is enhanced in
the mesangial cells cultured under high concentrations of glu-
cose [1], the phenomenon possibly leading to the expansion of
the mesangium seen in diabetes [2]. Similarly, the contractile
responsiveness of the mesangial cells to various vasoactive
substances might be altered in diabetes. Indeed, the increase in
ultrafiltration coefficient has been reported to contribute to the
development of the glomerular hyperfiltration in diabetic rats
[3]. Moreover, a close correlation between glomerular filtration
surface and the glomerular filtration rate has been reported from
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the morphological study of the kidney biopsy materials in
diabetic patients exhibiting an elevation of glomerular filtration
rate [4, 5]. Because the ultrafiltration coefficient or glomerular
filtration surface is considered to be regulated by the contractile
state of the glomerular mesangial cells [6], these results suggest
that the contractility of the mesangial cells is impaired in
diabetes.
We have previously shown that the contractile responsive-
ness of the glomeruli isolated from diabetic rats to angiotensin
II (Ang II) is significantly reduced as compared with the
glomeruli from normal rats [7], suggesting the impairment of the
contraction of the mesangial cells in diabetes. However, the
direct evidence for this mesangial dysfunction in diabetes has
not been obtained yet. The contractile state of the mesangial
cells might be regulated by a balance of the effects of various
vasoconstrictive and vasodilating substances. ANP, one of the
vasodilating substances, has been reported to cause relaxation
of the mesangial cells possibly by increasing intracellular cGMP
[8], while Ang II is known to cause contraction of the mesangial
cells by increasing intracellular Ca2 through the generation of
inositol 1 ,4,5-trisphosphate (1P3) and activating protein kinase
C [9, 10]. Therefore, to prove the hypothesis of mesangial
dysfunction in diabetes, we examined the effects of both
peptides on the mesangial cells cultured under high concentra-
tions of glucose. For ANP, intracellular cGMP was measured as
a marker of its action. Since we found that Ang II inhibited
ANP-induced cGMP accumulation in cultured mesangial cells
by activating calcium-dependent, calmodulin-stimulated cyclic
nucleotide phosphodiesterase in the initial phase and inhibiting
guanylate cyclase in the maintenance phase [11], these effects
and cellular 1P3 levels were measured as the markers of the
action of Ang II.
Methods
Materials
Rat 1-28 ANP and Ang II were obtained from Peptide
Institute (Suita, Japan), fetal bovine serum from Gibco (Grand
Island, New York, USA), and cGMP assay kit from Yamasa
Co. (Chiba, Japan). Inositol 1,4,5-trisphosphate assay system
(TRK 1000) and '251-rat 1-28 ANP were purchased from Amer-
sham International plc (Buckinghamshire, UK) and '251-Ang II
from New England Nuclear (Boston, Massachusetts, USA). All
other reagents were of chemical grade and purchased from
standard suppliers.
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Mesangial cell culture
Glomeruli were isolated from male Sprague-Dawley rats
weighing 50 to 100 g by sieving with stainless steel and nylon
meshes under sterile conditions as previously reported [12].
Isolated glomeruli were then cultured in RPM! 1640 medium
(glucose 11.1 mM) containing 20% fetal bovine serum and
antibiotics. Cultured cells were identified as mesangial cells by
following evidences as previously described [1, 11, 13]: (1) the
cells survived in a medium containing D-valine substituted for
L-valine, indicating the existence of D-amino acid oxidase; (2)
they were resistant to puromycin aminonucleoside (10 g/ml)
but susceptible to mitomycin C (10 g/ml); (3) they possessed a
large number of intracellular actin bundles stained by peroxi-
dase-conjugated heavy melo-myosin; (4) they had receptors
specific to Ang II and contracted in response to Ang II. The
cells at 3 to 8 passages were grown on 35 mm six-well plates
unless otherwise specified, and were used for the experiment
after confluency. Prior to the experiment, '251-Ang II binding
was measured in each passage and the cells having specific
binding at least ten times higher than non-specific binding were
used.
Experimental protocol
After confluency, the cells were exposed to the experimental
RPM! 1640 medium (glucose free) containing 0.4% fetal bovine
serum and antibiotics supplemented with: (1) 5.6 m glucose
(control group), (2) 27.8 m glucose (high glucose group), or (3)
5.6 m glucose plus 22.2 mr.i mannitol (mannitol group). In
some experiments, the cells were exposed to the experimental
medium with 16.7 m or 55.6 m glucose. The medium was
changed every day and the cells were used for the following
experiments after five days unless otherwise specified.
To examine the action of ANP, the cells were rinsed three
times with a buffer (buffer A) containing 120 mi NaCI, 5 mM
KCI, 1 m CaCl2, 1 m MgC12, and 20 mi HEPES-Tris, pH
7.4, and incubated with buffer A at 37°C for 15 minutes. The
cells were then exposed to i0 M ANP at 37°C for 10 minutes
in the presence of 1 mri 3-isobutyl-1-methylxanthine (IBMX)
and cellular cGMP was determined. The activities of particulate
guanylate cyclase were also measured by the method described
below.
To examine the action of Ang II, the cells were exposed to
Ang II for one minute (the initial phase experiment) or for 15
minutes (the maintenance phase experiment). In the initial
phase experiment, the cells were rinsed three times with buffer
A and incubated with buffer A at 37°C for 15 minutes. Ang II
and ANP were then introduced simultaneously in a final con-
centration of lO M. The incubation was continued at 37°C for
one minute in the absence of IBMX. In the maintenance phase
experiment, the cells were rinsed three times and incubated
with buffer A at 37°C for 15 minutes. The cells were then
exposed to iO M Ang II at 37°C for 15 minutes and to l0— M
ANP for another 10 minutes. IBMX in a final concentration of
1 m was added two minutes prior to the addition of Ang II. In
some experiments, the incubation buffer was collected and
lyophilized, and the concentrations of cGMP were determined.
The activities of particulate guanylate cyclase were also mea-
sured by the method described below. To examine the signal
transduction system of Ang II, cellular levels of 1P3 were
determined.
Determination of cellular cGMP
The incubation was terminated by aspirating the buffer and
adding 0.5 ml ice-cold 6% trichloroacetic acid (TCA). The cells
were then incubated with TCA for 20 minutes on ice, scraped
off the plate, sonicated and stored at —20°C. Cyclic GMP was
determined as described previously [11]. In brief, the sample
was thawed and centrifuged at 2000 X g for 15 minutes at 4°C.
The supernatant was then extracted five times with two volume
of ethylether saturated with water and lyophilized. The lyoph-
ilized sample was resuspended in 500 d water and 100 s1
aliquots were taken for succinylation. Concentrations of succi-
nylated cGMP were determined by radioimmunoassay [14]
using cGMP assay kit (Yamasa Co., Chiba, Japan). Concentra-
tions of cellular protein in the pellet were determined by the
method of Lowry et al [15].
Determination of the activity of particulate guanylate cyclase
The activity of particulate guanylate cyclase was determined
using the method previously described [11, 16]. The cells were
rinsed three times, incubated with buffer A at 37°C for 15
minutes. To examine the effect of Ang II, the cells were
exposed to iO M Ang II at 37°C for another 15 minutes. The
cells were then washed with a cold solution of 50 mri Tris-HCI,
pH 7.6, containing 150 m NaC1, scraped off the dishes, and
centrifuged at 500 x g for five minutes at 4°C. The cell pellet
was resuspended in 1 ml of 50 mri Tris-HC1, pH 7.6, containing
1 mri EDTA, 0.2 m phenylmethylsulfonyl fluoride (PMSF),
and 0.01% bacitracin, sonicated for 15 seconds, and centrifuged
at 100,000 x g for one hour at 4°C. The pellet was resuspended
in the same buffer, sonicated, and centrifuged again. The pellet
was resuspended in 0.5 ml of 50 mrvi Tris-HC1, pH 7.6, and used
for the assay of guanylate cyclase activity. An aliquot was taken
for the determination of protein concentrations by the method
of Lowry et al [15]. A 10 sl aliquot of the particulate fraction
was added to a tube containing 80 .d of a reaction mixture. A
reaction mixture consists of, in a final concentration, 50 mM
Tris-HC1, pH 7.6, 1 m IBMX, 15 mri creatine phosphate, and
20 g creatine phosphokinase with or without iO M ANP. The
reaction was started by adding 10 jsl of a solution containing 10
mM guanosine triphosphate and 40 mM MnCI2. After the
incubation at 37°C for 10 minutes, the reaction was stopped by
the addition of 0.9 ml of sodium acetate, pH 4.0, followed by
heating at 90°C for three minutes. Heated incubation mixture
was centrifuged at 2000 x g for 20 minutes and the supernatant
fraction was used for cGMP radioimmunoassay.
Determination of inositol 1 ,4,5-trisphosphate
For the determination of inositol 1 ,4,5-trisphosphate (IP3),
the cells were rinsed three times with buffer A and incubated
with buffer A containing 10 mri LiC1 at 37°C for 15 minutes. The
cells were then exposed to lO M Ang II at 37°C for 10
seconds. The reaction was terminated by aspirating the buffer
and adding 1 ml ice-cold 4% perchloric acids (PCA). The cells
were then scraped off, placed at 4°C for 20 minutes and
centrifuged at 2000 x g for 15 minutes at 4°C. Concentrations of
cellular protein in the pellet were determined. The supernatant
was neutralized by the addition of 75 mM HEPES containing
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1.74 M KOH, kept at 4°C for 30 minutes and centrifuged at 2000
x g for 15 minutes at 4°C [17]. The amount of 1P3 in the
supernatant was determined using 1P3 assay system [18], TRK
1000. In brief, an aliquot (100 1d) of the supernatant was mixed
with 100 d of D-myo-[3H]-inositol 1 ,4,5-trisphosphate and 100
d of 1P3 binding protein in a buffer containing 0.1 M Tris, 4 m
EDTA and 4 mg/mi bovine serum albumin, pH 9.0. The mixture
was incubated on ice for 15 minutes and centrifuged at 2000 X
g for 10 minutes at 4°C. The supernatant was carefully removed
and the radioactivity remaining in the pellet was determined by
a liquid scintillation counter.
Determination of ANP and Ang II binding
The binding of ANP to the receptors of cultured mesangial
cells were examined using the method described by Ballermann
et al [19]. In brief, the cells on 12-well plate were washed four
times with ice-cold Hank's balanced salt solution (HBSS; 137
mM NaCI, 5.4 mrs KCI, 0.44 mrs KH2PO4, 0.33 mrs Na2HPO4,
0.4 mrs MgSO4, 0.5 mrs MgCI2, 1.25 mrs CaC12, 4.0 mM
NaHCO3, and 5.6 mrs glucose, pH 7.4). The cells were incu-
bated on a bed of crushed ice for 180 minutes with 2 x l0 ° M
'251-labeled rat 1-28 ANP with or without unlabeled rat ANP in
500 .d of HBSS containing 0.2 g/dl bovine serum albumin
(BSA), 10 mrs HEPES, 1 miss bacitracin, and 1 miss PMSF. The
incubation was terminated by aspirating the buffer and washing
four time with ice-cold HBSS. The cells were then solubilized
with 1 N NaOH and the radioactivity associated with the cells
was counted by gamma scintillation counter.
The binding of Ang II to the receptors of cultured mesangial
cells was examined using the method described by Caramelo et
al [20]. In brief, the cells on six-well plate were rinsed four times
with the binding buffer (100 miss NaCl, 50 miss Tris-HC1, 10 mM
KCI, 5 miss MgCl2, supplemented with 0.5 mg/dl bacitracin and
0.25% BSA). The cells were then incubated with 2 x M
1251-Ang II with or without unlabeled Ang II in 1 ml of the
binding buffer at 4°C for 150 minutes. The incubation was
terminated by aspirating the buffer and washing four times with
ice-cold binding buffer. The cells were then solubiized with 1 N
NaOH and the radioactivity associated with the cells was
counted by gamma scintillation counter.
Statistical analysis
Comparisons between two groups were done by Student's
unpaired t-test. Comparisons among three or more groups were
done by one-way analysis of variance (ANOVA) followed by
Scheffe's test to evaluate statistical significance between any
two groups.
Results
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Fig. 1. Time course of the effect of glucose on ANP-induced cGMP
accumulation (A) and effect of glucose or mannitol on ANP-induced
cGMP accumulation in cultured mesangial cells (B). (A) Cells (at
passage 4) were cultured under 5.6 m glucose (0) or 27.8 m glucose
(•) for the periods indicated in a horizontal axis and then exposed to
l0- M ANP in the presence of 1 miss IBMX. Values shown are mean
SD (N = 3), ** P< 0.01 vs. 5.6 m glucose. (B) Cells cultured under 5.6
mM glucose (control; C), 27.8 mist glucose (high glucose; HG) or 5.6 miss
glucose plus 22.2 mM mannitol (mannitol; M) for 5 days were exposed
to iO at ANP for 10 minutes in the presence of 1 mat IBMX. Eight
experiments were performed using five different clones of cells. Values
shown are mean SD (N = 8). * P < 0.05, ** P < 0.01 vs. 5.6 mM
glucose (control).
Effect of glucose on ANP action
ANP action was assessed by incubating the mesangial cells
with ANP in the presence of IBMX, an inhibitor of cyclic
nucleotide phosphodiesterase. Pretreatment of the cells with 0,
i0, 5 X iO, 10, 5 x i0, 10, or 3 x iO M IBMX
resulted in dose-dependent increase in ANP (10—v M)-indUced
cGMP accumulation (402 7, 650 14, 706 9, 923 39, 1708
68, 2087 73, and 2083 95 pmollmg protein, mean SD,
N 3, respectively) with a peak at l0 M (1 mM) IBMX. Basal
cGMP levels in the absence or presence (1 mM) IBMX were 3.2
1.7 and 14.4 10.4 pmollmg protein, respectively. Thus,
IBMX was used at the concentrations of 1 m in following
experiments.
ANP (l0— M)-induced cGMP accumulation in the mesangial
cells was significantly enhanced when the cells were cultured
under high concentrations of glucose (27.8 mM) for three or
more days (Fig. lA). Similarly to the cells cultured under high
concentrations of glucose for five days, ANP-induced cGMP
accumulation was significantly enhanced in the mesangial cells
A
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B
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Table 1. ANP-induced cGMP accumulation in mesangial cells
cultured under various concentrations of glucose
Glucose in media
mM
Cellular cGMP
pmol/mg Prof
5.6 619.4 58.1
17.6 834.5 174.7a
27.8 865.3 88jb
55.6 1028.8 779b
E
0
E0.
E
0
a-
00
Fig. 2. Particulate guanylate cyclase activity in the mesangial cells (at
passage 3) cultured under 5.6 m glucose (control; C), 27.8mM glucose
(high glucose; HG) or 5.6 mw glucose plus 22.2 mM mannitol (mannitol;
M)for five days. Particulate fractions were isolated and basal (LIJ) and
ANP-stimulated () guanylate cyclase activities were measured.
Values shown are mean SD (N = 6). * P < 0.05, ** P < 0.01 vs.
control.
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Fig. 3. Inhibitory effect of Ang II on ANP-stimulated cellular cGMP
accumulation in the initial phase (A) and in the maintenance phase (B)
in cultured mesangial cells. (A) Cells were cultured under 5.6 msi
glucose (control; C), 27.8 m glucose (high glucose; HG) or 5.6 mM
glucose plus 22.2 mss mannitol (mannitol; M) for five days and then
exposed to iO M ANP (EEl) or to l0- M Ang II plus iO M ANP() at 37°C for one minute in the absence of IBMX. Nine experi-
ments were performed using three different clones of the cells. Values
shown are mean SD (N = 9). ** P < 0.01 vs. ANP alone. (B) Cells
were cultured in the same way as (A) and exposed to l0 M ANP (tEl)
or to l0— st Ang II for 15 minutes and to iO M ANP for another 10
minutes () in the presence of 1 mss IBMX. Twelve experiments
were performed using four different clones of the cells. Values shown
are mean 5D (N = 12). * p < 0.05, ** P < 0.01 vs. ANP alone.
A
Cells (at passage 8) were cultured under various concentrations of
glucose for 5 days and then exposed to l0— M ANP at 37°C for 10
minutes in the presence of 1 mrt IBMX. Values are mean SD, N = 6.
a P < 0.05, b P < 0.01 vs. 5.6 m glucose
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exposed to mannitol for five days (Fig. 1B). Basal cGMP levels
in the cells exposed to high concentrations of glucose (17.2
10.5, N = 5) or mannitol (19.4 12.7, N = 3) were slightly
higher than those in the cells cultured under 5.6 m glucose
(14.4 10.4, N = 5). When the cells were stimulated by lower
concentrations (10 M and 10-8 M) of ANP, cellular cGMP
accumulation was also significantly (P < 0.05) greater in the
cells cultured under high concentrations of glucose (202.7
12.3 pmollmg protein at iO M and 1203 80 at 10—8 M, N =
6)or in the presence of mannitol (209.9 9.5 at 1O M and 1258
79 at 10 M, N = 6) than in the cells cultured under normal
concentrations of glucose (170 12.8 at 1O M and 934 65 at
10-8 M, N = 6). The enhancement of ANP-induced cGMP
accumulation by glucose was observed in a dose-dependent
manner of glucose (Table 1). The activities of particulate
guanylate cyclase were next examined. As shown in Figure 2,
both basal and ANP-stimulated activities of particulate guany-
late cyclase in the mesangial cells cultured under high concen-
trations of glucose or in the presence of mannitol were signifi-
cantly higher than those in the cells cultured under normal
concentrations of glucose.
Effect of glucose on Ang II action
In the initial phase experiment, Ang II inhibited ANP-
induced cGMP accumulation in cultured mesangial cells when
the cells were exposed to Ang II and ANP simultaneously for
one minute in the absence of IBMX (Fig. 3A) as previously
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Glucose
in media
Cellular cGMP pmol/mg pro:
ANP 10 M plus
mM ANP i0 M Ang LI 1O M Inhibition %
A. Initial phase experiment (IBMX 0 ms, 1 mm exposure to Ang IL)
5.6 190.6 21.7 32.8 5.5 82.8 2.9
16.7 238.7 12.3 66,6 2.9 72.1 l.l'
27.8 281.7 50.8k 77.5 0.6 72.5 02b
B. Maintenance phase experiment (IBMX 1 mr.i, 15 mm exposure to
Ang II)
5.6 725.1 73.0
16.7 943.9 58.5k
27.8 1085.9 589b
Cells at passages 3 (A) and 4 (B) were used. Values are shown as
mean so, N = 3.
P < 0.05, b P < 0.01 vs. control (glucose 5.6 mM)
reported [11]. Ang II inhibited ANP-induced cGMP accumula-
tion significantly in the cells exposed to normal concentrations
of glucose or mannitol but not in the cells cultured under high
concentrations of glucose (Fig. 3A). The percent inhibition by
Ang H was significantly smaller in the cells of high glucose
group (19.5 12.8%, mean SD, N = 9) than the cells of
control (40.8 17.4%, N = 9, P < 0.05) or mannitol (51.5
20.1%, N = 9, P < 0.01) group. Basal levels of cellular cGMP
was significantly reduced when the cells of control or mannitol
group were exposed to Ang II (from 3.7 0.4 pmol/mg protein
to 2.5 0.2 in control group, from 3.9 0.2 to 2.3 0.1 in
mannitol group) but not in high glucose group (from 4.2 0.2 to
3.8 0.4). This reduction of the inhibitory effect of Ang II on
ANP-induced cellular cGMP accumulation was observed even
when the mesangial cells were cultured under moderately high
concentrations (16.7 mM) of glucose (Table 2A), though in this
particular experiment Ang H inhibited ANP-induced cGMP
accumulation even in the cells of high glucose group and the
reduction of the inhibition by glucose was small.
In the presence of IBMX, Ang II inhibited ANP-induced
cGMP accumulation in cultured mesangial cells when the cells
were exposed to Ang II for more than 10 minutes [11]. This
inhibitory effect of Ang II was examined by incubating the cells
for 15 minutes with Ang II and for another 10 minutes with Ang
II and ANP (maintenance phase experiment). Ang II inhibited
ANP-induced cGMP accumulation significantly only in the cells
of control and mannitol groups (Fig. 3B). The percent inhibition
by Ang H was again significantly smaller (P < 0.05) in high
glucose group (8.1 5.6%, mean SD, N = 12) than in control
(22.5 3.3%, N = 12) or mannitol (24.6 3.5%, N = 12)group.
Ang II in its lower concentrations (108 M) also inhibited
ANP-induced cGMP accumulation in control group (14.2
9.4%, N = 9) and the inhibition was significantly smaller in high
glucose group (4.7 7.1%, N = 9, P < 0.05 vs. control). This
reduction of the effect of Ang II was also observed when the
cells were cultured under 16.7 m glucose (Table 2B). The time
course of the effect of glucose was next examined. The reduc-
tion of the inhibitory effect of Ang II on ANP-induced cGMP
accumulation was observed when the cells were cultured under
high concentrations of glucose for more than 72 hours (Fig. 4).
Because significant amounts of cGMP would be released into
U U
0 30 60 90 120
Culture periods, hours
Fig. 4. Time-course of the reduction of inhibitory effect of Ang II on
ANP-induced cGMP accumulation in cultured mesangial cells. Cells
(at passage 3) cultured for indicated period under 5.6 msi (0) or 27.8
mM (•) glucose were exposed to iO M angiotensin II for 15 minutes
and to l0- M ANP for another 10 minutes in the presence of 1 mi
IBMX at 37°C. Values are mean SD (N = 3). * P < 0.01 vs. control
(5.6 mM glucose).
ANP 1O M
ANP l0- M plus
Ang II iO M P
A. Cellular cGMP
Control 520.3 12.1 386.6 18.6 <0.01
High glucose 608.7 17.8° 576.9 19.5 NS
Mannitol 743.1 35.2° 563.2 26.4 <0.01
B. Extracellular cGMP
Control 128.9 2.1 107.2 10.5 <0.01
High glucose 155.7 5.1° 141.5 15.1 NS
Mannitol 164.2 9.7° 127.6 7.6 <0.01
the incubation media when the cells were incubated with ANP
for 10 minutes, both cellular cGMP and cGMP contents in the
incubation media were simultaneously measured. As shown in
Table 3, cGMP contents in the incubation media increased
significantly in the cells of high glucose and mannitol groups
compared with the cells of control group. Ang II significantly
decreased cGMP contents in the incubation media only in the
cells of control and mannitol groups. Therefore, the same
results were obtained even when the sums of cellular and
extracellular cGMP contents were compared among three
groups. Similarly to Ang II, endothelin inhibited ANP-induced
cGMP accumulation in both initial and maintenance phase
experiments, and this inhibitory effect of endothelin was signif-
icantly reduced in the cells cultured under high concentrations
of glucose (Table 4).
Since the inhibitory effect of Ang 11 on AN P-induced cellular
cGMP accumulation in the maintenance phase was due to the
inhibition of particulate guanylate cyclase [IlL the activity of
Table 2. Reduction of the inhibitory effect of Ang II on ANP-
induced cGMP accumulation in mesangial cells cultured under
various concentrations of glucose
0
C
30
20 -
10
0546.1 19.2817.6 24.71009.5 48.6
24.7 2.6
13.4 26b
7.0 45b
Table 3. Cellular and extracellular cyclic OMP in the maintenance
phase experiment in cultured mesangial cells
Cells (at passage 7) were culuted in the same way as Fig. 3 and
exposed to Ang II and ANP as Fig. 3B. Incubation media were
collected and lyophilized and cGMP contents in the media were
determined. Values are shown as pmollmg cellular protein, mean SD,
N = 3.
P < 0.01 vs. control (ANP alone)
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Table 4. Reduction of the inhibitory effect of endothelin on ANP-
induced cGMP accumulation in the mesangial cells cultured under
high concentrations of glucose
Cellular cGMP pmol/mg prot
ANP l0- M plus Inhibition
ANP i0 M endothelin i0 M %
A. Initial phase
Control 460 60.2 332 19.0 26.8 8.0
High glucose 619 31.8 550 6.6 10.9 3.6a
B. Maintenance phase
Control 1487 43.9 1108 31.2 25.5 1.9
High glucose 1749 97.9 1487 80.8 14.9 39a
E
0.
0
E0.00
E00
00
ANP, M
Culture conditions C HG
Fig. 5. Inhibitory effect of Ang II on particulate guanylate cyclase
act ivit-y in cultured mesangial cells. Cells (at passage 3) cultured under
various conditions as indicated were incubated in the absence (EJ) or
presence () of iO M Ang II for 15 minutes at 37°C and then
particulate fractions were isolated. Values shown are mean SD (N =
6). * P < 0.05, ** P < 0.01 vs. the activities without Ang II (c:J).
Culture conditions
Fig. 6. Basal() andAng lI-stimulated ( ) cellular 1P3 content in
cultured mesangial cells. Cells (at passage 4) cultured under various
conditions as indicated were exposed to Ang II for 10 seconds at 37°C.
Values are mean SD (N = 6). * p < 0.01 vs. basal 1P3 in control or
mannitol group, ** P < 0.01 vs. Ang Il-stimulated 1P3 in control or
mannitol group.
140
120
100
80
60
Cells (at passage 2) were cultured under 5.6 m glucose (control) or
27.8 m glucose (high glucose) for 5 days. Endothelin was used in the
same way as Ang II. Values shown are mean SD, N = 3.
a P < 0.05 vs. control
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were exposed to angiotensin II for 10 seconds because 1P3
levels in cultured mesangial cells have been reported to reach a
peak at 10 seconds by the stimulation of Ang II [211. Both basal
and Ang Il-stimulated levels of 1P3 were significantly reduced in
the cells of high glucose group as compared with the cells of
control or mannitol group (Fig. 6). Although Ang II increased
1P3 levels significantly in the cells of all groups, the degree of
0 1 0 increase (percent of basal) was significantly smaller (P < 0.01)
in the cells of high glucose group (130.4 20.2%) than in the
M cells of control (163.8 12.1%) or mannitol (169.4 13.8%)
group. This reduction of cellular 1P3 levels was also observed in
the cells cultured under moderately high glucose (16.7 mM)
conditions (Table 5).
particulate guanylate cyclase was measured. Ang II inhibited
both basal and ANP-stimulated activities of particulate guany-
late cyclase significantly in the cells of control and mannitol
groups, but not in the cells of high glucose group (Fig. 5).
Percent inhibition by Ang II in control, high glucose, and
mannitol groups was 39.4 9.7%, 15.7 2.7%, and 41.8
8.2%, respectively in basal activity and 48.8 9.4%, 8.3
3.2%, and 39.3 7.2%, respectively in ANP-stimulated activ-
ity.
Effect of glucose on cellular I13 levels
To examine the mechanism of the reduction of the inhibitory
effect of Ang II on ANP-induced cGMP accumulation, 1P3
levels in cultured mesangial cells were measured. The cells
Ang II and ANP binding
The representative Scatchard plot of ANP or Ang II binding
is shown in Figure 7 and binding characters are shown in Table
6. Binding of ANP to cultured mesangial cells was decreased in
the cells of high glucose or mannitol group due to the decrease
in receptor number. On the contrary, binding of Ang II to
mesangial cells was not different among three groups.
Discussion
The present study was undertaken to clarify whether the
responsiveness of the mesangial cells to ANP or Ang II was
altered by exposing the cells to high concentrations of glucose.
The results indicate that ANP-induced cGMP accumulation is
enhanced and the inhibitory effect of Ang II on ANP-induced
cGMP accumulation is reduced in rat glomerular mesangial
cells cultured under high concentrations of glucose.
The enhancement of ANP-induced cGMP accumulation was
observed when the cells were cultured in the presence of
mannitol as well as under high concentrations of glucose. The
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Glucose in media
mM
1P3 pmol/mg protein
Percent of basalBasal Ang II
5.6 20.5 2.0 42.5 3.4 206.5 16.4
16.7 16.3 2.Oa 24.6 29b 150.9
27.8 15.5 27b 22.6 3.2b 145.9 204b
High
Culture conditions Control glucose MannitoL
1. ANP binding (N = 3)
Bmaxfmol/mg protein 545 4 460 41 420 49
Kd nmol 1.41 0.08 1.35 0.1 1.34 0.1
2. Ang II binding (N = 4)
Bmfmol/mg protein 75.3 5.0 78.0 8.6
Kd nmol 7.78 1.81 8.05 1.82
activities of particulate guanylate cyclase were enhanced in
both basal and ANP-stimulated states in the cells cultured
under high concentrations of glucose or in the presence of
mannitol. These results indicate that the particulate guanylate
cyclase might be activated in the cells cultured under hyperos-
molar conditions. The mechanism of the activation of particu-
late guanylate cyclase in hyperosmolar conditions is not clear at
present. The increase in the receptor binding of ANP is unlikely
because the number of receptors for ANP in the cells cultured
under hyperosmolar conditions was significantly decreased.
However, since the receptors of the glomeruli to ANP have
been reported to be composed of'the receptors which couple to
guanylate cyclase and which do not [221, it might be necessary
to distinguish these receptors in hyperosmolar conditions.
Similar activation has been reported in adenylate cyclase in
cultured renal tubular epithelial cells [23, 241. When rat renal
papillary collecting tubule cells were exposed to hypertonic
solutions (NaCI), vasopressin-stimulated cAMP contents have
been reported to increase [23]. Similarly, when cultured renal
epithelial cells (LLC-PK1) were exposed to hypertonic solu-
tions (NaCI, sucrose, or mannitol), adenylate cyclase has been
observed to be activated [24]. Although the mechanism of the
activation of adenylate cyclase is still unclear as in the case of
guanylate cyclase in the present study, hypertonicity might
have indirect action on these enzyme activities possibly through
the shrinkage of the cells [24].
We have previously shown that Ang II inhibits ANP-induced
cGMP accumulation in cultured mesangial cells through the
activation of calcium-dependent, calmodulin-stimulated phos-
phodiesterase in the initial phase and the inhibition of guanylate
cyclase in the maintenance phase [11]. Both effects of Ang II
were reduced in the mesangial cells cultured under high con-
centrations of glucose. Hypertonicity of glucose might not be
the case because the inhibitory effect of Ang II was observed in
the cells cultured in the presence of mannitol similarly to the
cells cultured under normal concentrations of glucose. Because
the binding of Ang II did not decrease in the mesangial cells
cultured under high concentrations of glucose, the reduction of
the inhibitory effect of Ang II might be due to the change in the
intracellular signal transduction system of Ang II in the cells
cultured under high concentrations of glucose. Ang II is known
to activate phospholipase C and generate 1P3 and diacylglycerol
resulting in the elevation of cytosolic Ca2 and the activation of
Table 5. Cellular 1P3 levels in mesangial cells cultured under various
concentrations of glucose
A
Cells at passage 4 were used for the experiment. Values are shown as
mean 5D, N = 6.
a P < 0.05, b P < 0.01 vs. control (glucose 5.6 mM)
Table 6. Binding characters of ANP or Ang II in the mesangialcells
cultured under various conditions
73.5 3.8
7.98 1.69
Cells at passage 5 were used for the experiment. Values shown are
mean SD.
a p < 0.01 vs. control
200 300 400 500
Bound, fmol/mg prot
B
0.4
0.3
a)
a)
D 0.2C
0
0.1
0
0.01
0.008
0.006
C
0.004
0.002
0
Fig. 7. Representative Scatchard plot of ANP (A) orAng 11(B) binding
io cultured mesangial cells. Cells (at passage5) were cultured under 5.6
m glucose (0), 27.8 m glucose (•) or 5.6 m glucose plus 22.2 m.i
mannitol (0) for five days.
0 20 40 60 80 100
Bound, fmol/mg prot
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protein kinase C [101. Both basal 1P3 levels and the increase in
1P3 levels in response to Ang II were significantly reduced in the
mesangial cells cultured under high concentrations of glucose.
These results may indicate that glucose can impair the action of
Ang II in the step(s) between the binding to Ang II receptor and
the generation of 1P3.
This conclusion is concordant with the results reported by
Guzman et al, who showed the reduction of Ang 11-stimulated
inositol phosphate release in the mesangial cells cultured under
high concentrations of glucose for seven to nine days [25]. On
the other hand, Greenberg, Urbanes and Shayman have re-
cently reported that both intracellular calcium and 1P3 forma-
tion were unchanged in the mesangial cells previously exposed
to high glucose conditions [26]. However, the period of the
exposure to high concentrations of glucose in their experiment
was 24 hours [26]. In the present study, the inhibitory effect of
Ang II on ANP-induced cGMP accumulation in the mesangial
cells cultured under high concentrations of glucose for 24 hours
did not differ from that in the cells cultured under normal
concentrations of glucose. Therefore, longer period (72 hr or
more) of exposure to high concentrations of glucose might be
necessary to impair the responsiveness of the mesangial cells to
Ang II. Various metabolic abnormalities have been reported in
the mesangial cells exposed to high concentrations of glucose,
such as increase in the activity of polyol pathway [13], the
depletion of myoinositol [27], and increase in the basal activity
of protein kinase C through denovo synthesis of diacylglycerol
from glucose [28]. Although some of these metabolic abnormal-
ities might contribute to the impairment of the responsiveness
of the mesangial cells to Ang II, further study will be necessary
to elucidate the exact mechanism of this mesangial dysfunction.
Glomerular mesangial cells may be the cells of importance in
the regulation of glomerular filtration rates through their con-
tractility. ANP has been reported to induce the relaxation [81
and Ang II has been reported to induce the contraction [9] of the
mesangial cells. The present results indicate that, in diabetic
state, the response of the mesangial cells to ANP might be
enhanced, while the response to Ang II might be reduced.
These results may provide further evidence to our previous
finding that the contractile responsiveness of diabetic glomeruli
to Ang II was reduced [7] and may indicate that diabetic
mesangial cells have a tendency to relax, resulting in the
elevation in glomerular filtration rate. In conjunction with our
recent report that type IV collagen production was enhanced in
the mesangial cells cultured under high concentrations of glu-
cose [1], the present results may also indicate that dysfunction
of the mesangial cells could play an important role in the
development of diabetic nephropathy.
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